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Abstract	
Significant	research	contributions	and	Directives	approach	the	issue	of	the	insertion	of	renewable-based	
energy	 systems	 on	 urban	 territory	 in	 order	 to	 face	 with	 the	 growing	 energy	 needs	 of	 citizens.	 The	
introduction	of	 such	 systems	gives	 raise	 to	 installers	 to	both	 satisfy	 their	energy	demands	and	distribute	
eventual	energy	excesses	to	close	neighbours.	This	paper	presents	a	multi-layer	agent-based	computational	
model	that	simulates	multiple	event	of	the	network	of	the	energy	distribution	occurring	within	urban	areas.	
The	model	runs	on	the	NetLogo	platform	and	aims	at	elaborating	the	most	suitable	strategy	when	dealing	
with	the	design	of	a	network	of	energy	distribution.	Experimental	data	are	discussed	on	the	basis	of	 two	
main	 scenarios	 within	 an	 operating	 period	 of	 24	 hours.	 Scenarios	 consider	 both	 the	 variation	 of	 the	
percentages	 of	 installers	 of	 renewable-based	 energy	 systems	 and	 the	 distance	 along	 which	 energy	
exchanges	occur.		
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1. Introduction	
The	 energy	 consumption	 in	 urban	 areas	 has	 significant	 implications	 for	 the	 transition	 towards	
environmentally	 sustainable	 cities	 [1],	 being	 the	 buildings	 sector	 acknowledged	 as	 one	 of	 the	 major	
contributor	 in	CO2	emissions.	A	way	to	face	the	growing	carbon	emissions	of	urban	areas	is	recognized	in	
the	 exploitation	 of	 renewable	 sources.	 As	 a	 consequence	 of	 the	 installation	 of	 renewable-based	 energy	
systems,	 such	 as	 photovoltaic	 panels,	 citizens	 shift	 from	 the	 condition	 of	 passive	 consumers	 to	 active	
producers	 [2],	 thus	 becoming	 able	 both	 to	 achieve	 the	 energy	 self-sufficiency	 and	 to	 exchange	 the	 own	
produced	 energy	 [3].	 Indeed,	 the	 exchange	 of	 energy	 occurring	 from	 producer	 to	 consumer	 defines	 the	
basis	 for	 setting	up	a	network	of	energy	distribution	and	decreases	 the	 supply	 from	 fossil	 fuelled	plants.	
Accordingly,	the	design	of	a	network	of	energy	distribution	among	consumers	requires	appropriate	models	
that	 aim	 at	 assessing	 both	 the	 impact	 of	 renewable	 energy	 systems	 on	 the	 traditional	 supply	 and	 the	
connections	in	the	resulting	network	to	outline	energy	strategies.	
The	issue	of	the	energy	distribution	among	consumers	and	producers	is	treated	in	literature	considering	
the	 optimization	 of	 the	 distributed	 technology	 from	 the	 economic	 and	 environmental	 viewpoint.	 For	
instance,	 the	 tool	 introduced	 in	 the	 work	 of	 Bracco	 et	 al.	 [4]	 optimizes	 the	 annual	 maintenance	 and	
operating	costs	of	a	distributed	energy	system,	which	provides	heating,	cooling	and	electricity	to	an	urban	
neighbourhood.	The	paper	of	Mehleri	et	al.	 [5]	pursues	 the	same	topic	also	exploring	 the	optimal	choice	
among	 several	 candidate	 distributed	 technologies	 and,	 in	 addition,	 optimizes	 the	 network	 of	 heat	
exchanges.	Along	with	the	minimization	of	the	operating	costs,	the	studies	of	both	Alvarado	[6]	and	Weber	
and	Shah	[7]	address	the	reduction	of	the	carbon	emissions.		
The	 cited	 studies	 are	 mainly	 technology	 driven,	 since	 they	 aim	 at	 selecting	 the	 optimal	 distributed	
technology	 that	 minimizes	 its	 overall	 operating	 costs	 or	 the	 emissions.	 Moreover,	 the	 exchanges	 occur	
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within	small-scale	areas,	not	comparable	 to	urban	neighbourhoods.	Therefore,	despite	 the	validity	of	 the	
considered	optimization	methods,	the	increasing	complexity	of	the	energy	exchanges	configuration	pushes	
towards	approaches	able	to	obtain	solutions	in	shorter	computational	times	and	for	growing	complexity	of	
the	energy	d	configurations,	such	as	those	characterizing	a	neighbourhood	.	In	this	direction,	agent-based	
models	 have	 been	 widely	 proposed	 as	 a	 valid	 technique	 to	 study	 energy	 systems	 characterized	 by	
interactions	among	the	 involved	parts	 [8,	9],	such	as	the	 interactions	occurring	due	to	the	distribution	of	
energy.			
When	 attempting	 to	 provide	 a	 review	 of	 agent-based	 systems	 (ABSs)	 dealing	 with	 the	 exchange	 of	
energy,	studies	distinguishes	from	the	role	of	agents	in	the	distribution	process.	In	the	multi-agent	model	of	
Mbodji	et	al.	[10]	two	agents	aim	at	defining	a	management	strategy	to	adapt	the	energy	consumed	to	that	
supplied	 by	 renewable	 production	 sources	 of	 the	 system.	 In	 the	 paper	 of	 Sharma	 et	 al.	 [11]	 centralized	
agent	guides	all	agents	towards	the	balance	of	the	demand	for	a	peak	shaving	in	a	distribution	system.	The	
research	 of	 Bellekom	 et	 al.	 [12]	 explores	 the	 emerging	 rise	 of	 prosumers,	 namely	 consumers	 with	 a	
renewable	energy	production	potential,	and	its	implications	for	the	grid	management.		
Moving	 forward,	 more	 detailed	 works	 also	 include	 financial	 issues	 in	 their	 studies.	 For	 instance,	 in	
Lopez-Rodriguez	et	al.	[13],	customers	may	contact	act	with	brokering	agents	in	order	to	participate	in	the	
market	of	the	energy	exchanges.	In	the	agent-based	model	of	Ye	et	al.	[14],	the	energy	distribution	problem	
is	 formulated	 to	 admit	 autonomously	 negotiation	 among	 agents	 with	 the	 main	 objective	 to	 achieve	
efficient	energy	dispatch.	Similarly,	the	paper	of	Kumar	Nunna	et	al.	[15]	presents	an	agent	based	market	
model	with	price	sensitive	consumers.		
On	the	same	topic,	but	including	a	time-dependent	analysis,	the	work	of	Degefa	et	al.	[16]	simulates	the	
impact	 of	 prosumers	 agents	 minimizing	 their	 energy	 costs.	 The	 study	 of	 Misra	 et	 al.	 [17]	 analyses	 the	
energy	 trading	 problem	with	 real-time	 demand	 estimation.	 A	 real-time	 control	 of	 the	 consumption	 and	
production	of	agents	is	also	presented	in	the	previous	cited	works	[10,	11].		
The	main	body	of	the	listed	literature	in	ABSs	focuses	on	either	the	definition	of	management	programs	
or	financial	aspects	of	the	electricity	exchanges.	Nevertheless,	although	the	issue	of	the	energy	exchanges	
has	 been	 widely	 considered,	 the	 energy	 distribution	 needs	 to	 be	 further	 deepened	 from	 a	 network	
perspective.	 Indeed,	 the	 energy	 exchanges	 occurring	 within	 the	 urban	 area	 configure	 a	 network	 of	
interactions	among	consumers	that	have	installed	renewable	energy	systems.	Hence,	to	orient	the	design	
of	a	network	of	energy	connections	in	the	urban	territory,	appropriate	models	should	examine	the	aspect	
of	the	energy	distribution.	The	analysis	of	the	network	of	energy	distribution	within	a	neighbourhood	has	
been	 introduced	 in	 a	 previous	work	 of	 the	 authors	 [18].	 The	model	 aims	 at	 both	 designing	 the	 optimal	
energy	distribution	network	among	consumers	and	minimizing	the	energy	supply	from	the	traditional	fossil	
power	 plant.	 However,	 the	 study	 did	 not	 consider	 the	 variability	 of	 the	 energy	 demands	 and	 energy	
production	during	the	day,	which	are	instead	included	in	this	paper.			
Therefore,	this	work	defines	a	model	that	permits	to	determine	practicable	solutions	for	the	design	of	
the	network	of	energy	distribution	within	an	urban	area.	To	the	purpose,	the	authors	develop	a	multi-layer	
agent-based	 model	 able	 to	 simulate	 the	 network	 of	 the	 energy	 exchanges	 occurring	 among	 buildings	
equipped	with	autonomous	energy	production	systems.	The	variability	of	energy	demands	and	productions	
during	the	day	are	properly	taken	into	account;	indeed,	the	model	considers	the	24h	energy	cycle,	which	is	
relevant	in	case	of	a	network	of	renewable	sources.		
2. The	agent-based	model	
The	 installation	 of	 renewable	 based	 energy	 systems	 allows	 consumers	 to	 both	 reach	 the	 energy	 self-
sufficiency	and	immediately	distribute	the	eventual	excess	of	produced	energy.	Considering	each	consumer	
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as	a	node	and	each	energy	exchange	as	a	link,	the	urban	area	may	be	modelled	as	a	double-layer	network	
[19],	 hereinafter	 called	energy	distribution	network	 (see	 Fig.1),	 and	 simulated	 via	 an	agent-based	model.	
The	main	idea	behind	agent-based	systems	(ABSs)	resides	in	the	modelling	of	active	entities,	called	agent,	
that	interact	 in	conformity	to	rules	 in	order	to	achieve	tasks	within	a	defined	simulation	time.	Each	agent	
achieves	the	tasks	through	both	its	autonomous	behaviour	and	the	interactions	with	other	agents.		
In	 the	 elaborated	model,	 the	 simulation	 time	 is	 denoted	 as	 𝑡 = 0, … , 𝑇	 and	 two	 kinds	 of	 agents	 are	
introduced:	 on	 one	 side,	 N	 nodes-agents	 and,	 on	 the	 other	 side,	 one	 central-agent.	 Nodes-agents,	
hereinafter	 simply	 called	 agents,	 refer	 to	 the	 nodes	 of	 the	 energy	 distribution	 network	 that	 are	
characterized	by	an	energy	demand	and	may	install	renewable	energy	systems,	whilst	the	central-agent	is	
representative	of	the	power	plant,	which	provides	for	the	traditional	energy	supply.	As	shown	in	Fig.1,	 in	
the	 top	 layer	 of	 the	 energy	 distribution	 network	 each	 node-agent	 equipped	 with	 renewable	 energy	
production	(in	green)	interacts	with	all	its	neighbours	(green	or	red)	included	in	a	circular	area	with	a	given	
radius,	while	in	the	bottom	layer	all	the	nodes-agents	interact	with	the	central-agent.	Notice	that	in	the	top	
layer	the	central-agent	is	an	isolated	node	and	also	some	other	node	without	its	own	energy	production	(in	
red)	can	be	isolated.	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
Fig.1	 An	 example	 of	 the	 double-layer	energy	 distribution	 network:	 in	 the	 top	 layer,	 the	 nodes-agents	
equipped	with	renewable	energy	production	systems	(called	producers,	in	green)	are	connected	with	other	
producers	or	with	non-producers	nodes	(in	red)	inside	a	given	area;	in	the	bottom	layer,	all	the	nodes	are	
connected	with	the	central-agent	(in	blue).	Therefore,	in	total,	N	+	1	nodes	are	present	in	the	network.	
At	 each	 time	 𝑡,	 the	 agent	 𝑖	 (𝑖 = 0, … , 𝑁	 )	 is	 characterized	 by	 an	 energy	 demand,	𝑑𝑒𝑚𝑎𝑛𝑑./,	 and	 an	
eventual	energy	production,	𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛./.	Agents	equipped	with	 renewable	energy	production	systems,	
hereinafter	called	producers,	primarily	satisfy	their	own	energy	demands	by	drawing	energy	from	the	own	
produced.	If	their	demands	have	not	been	satisfied,	the	remaining	gap	is	fulfilled	from	other	producers	and,	
at	 last	 instance,	 from	 the	 central-agent.	 Agents	 that	 are	 merely	 consumers	 receive	 energy	 either	 from	
producers	 or	 from	 the	 central-agent.	 Regarding	 the	 central-agent,	 the	 model	 assumes	 that	 its	 energy	
supply	is	unlimited,	and,	in	particular,	it	corresponds	to	the	energy	demands	not	satisfied	by	the	producers.	
The	amount	of	energy	that	the	central-agent	supplies	at	time	𝑡	is	defined	as	𝑐𝑒𝑛𝑡𝑟𝑎𝑙_𝑒𝑛𝑒𝑟𝑔𝑦_𝑠𝑢𝑝𝑝𝑙𝑦/.		
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As	before	 introduced,	agents	take	decisions	to	achieve	the	collective	task	of	exchanging	the	produced	
renewable	 energy.	 They	 act	 according	 to	 a	 set	 of	 rules	which	depend	on	 two	main	 features:	 the	 energy	
status	of	each	agent	𝑖	and	the	distance	among	agents.		
The	energy	status	of	each	agent	i	at	time	t	is	defined	through	the	following	variable:	
	 𝑒𝑛𝑒𝑟𝑔𝑦_𝑠𝑢𝑟𝑝𝑙𝑢𝑠./ = 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛./ − 𝑑𝑒𝑚𝑎𝑛𝑑./	 																																																																	(2.1)	
	
If	the	𝑒𝑛𝑒𝑟𝑔𝑦_𝑠𝑢𝑟𝑝𝑙𝑢𝑠./	assumes	a	positive	value,	the	agent	is	able	to	distribute	its	exceeding	energy	to	
other	 agent	 of	 the	 network;	 on	 the	 contrary,	 a	 negative	 value	means	 that	 the	 agent	 has	 not	 fulfilled	 its	
energy	demand	and	 requires	energy	either	 from	other	 agents	of	 the	network	or	 from	 the	 central-agent.	
Null	values	indicate	that	the	agent	either	has	used	the	entirely	produced	energy	for	the	satisfaction	of	its	
own	energy	demand	(if	 it	 is	a	producer)	or	has	exactly	fulfilled	its	energy	demand	by	external	sources.	Of	
course,	only	producers	can	have	positive	values	of	energy	surplus,	while	for	normal	agents	this	variable	can	
be	either	negative	or	null.			
The	 second	 important	 feature	 is	 the	metrical	 distance	 among	 agents	 in	 the	 urban	 area.	 In	 fact,	 each	
agent	 can	 interact	only	with	other	agents	present	 inside	a	given	circular	area,	whose	 radius	 is	 fixed	by	a	
control	parameter	called	𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛_𝑟𝑎𝑑𝑖𝑢𝑠.	Actually,	the	top	layer	of	the	energy	distribution	network	is	
built	 by	 randomly	 distribute	 the	 nodes-agents	 within	 the	 whole	 urban	 area	 and	 then	 by	 connecting	
producers	nodes	with	all	and	only	the	other	nodes	 located	 in	the	area	 limited	by	the	connection_radius,	
which	are	considered	as	neighbours	with	whom	to	potentially	exchange	energy.	In	addition,	as	already	said,	
in	the	bottom	layer	each	agent	is	connected	with	the	central-agent;	this	assumption	is	made	to	follow	the	
actual	 configuration	 of	 the	 traditional	 energy	 grids.	 The	 set	 of	 agents	 and	 the	 set	 of	 links	 that	 connect	
agents	into	the	two	layers	constitute	the	starting	topology	of	the	energy	distribution	network	before	each	
simulation	run,	i.e.	at	time	𝑡 = 0.	
Once	the	network	of	the	feasible	connections	has	been	defined,	the	simulation	starts	and,	at	each	time	t	
>	0,	agents	behave	in	order	to	exchange	the	produced	renewable	energy	and,	consequently,	decrease	the	
energy	supply	from	the	central-agent.	To	properly	describe	such	a	dynamical	process,	the	following	three	
indexes	are	introduced.	Each	of	them	is	evaluated	for	the	entire	time	interval,	i.e.	from	time	𝑡 = 0	to	time	𝑡 = 𝑇.			
The	 first	 index	 measures	 the	 fraction	 of	 links	 that	 agents	 really	 use	 for	 the	 exchange	 of	 energy,	
calculated	with	respect	to	the	total	number	of	links	existing	in	the	network;	it	is	called	𝑙𝑖𝑛𝑘𝑠_𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒	
and	is	defined	as		
𝑙𝑖𝑛𝑘𝑠_𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 = 𝑎𝑐𝑡𝑖𝑣𝑒_𝑙𝑖𝑛𝑘𝑠𝑎𝑐𝑡𝑖𝑣𝑒_𝑙𝑖𝑛𝑘𝑠 + 𝑖𝑛𝑎𝑐𝑡𝑖𝑣𝑒_𝑙𝑖𝑛𝑘𝑠	 			(2.2)	
where	 the	 variables	 𝑎𝑐𝑡𝑖𝑣𝑒_𝑙𝑖𝑛𝑘𝑠	 and	 𝑖𝑛𝑎𝑐𝑡𝑖𝑣𝑒_𝑙𝑖𝑛𝑘𝑠	 express,	 respectively,	 the	 links	 that	 are	
characterized	 by	 a	 number	 of	 energy	 exchanges	 which	 exceeds	 a	 given	 threshold	 (called	 activation	
threshold)	during	 the	 total	 time	 interval	 [0, T]	 and	 the	number	of	 the	 links	 that	are	not.	 In	other	words,	
setting	up	an	activation	threshold	of	10%,	for	example,	means	that	the	model	counts	links	as	active	if	they	
are	 used	 at	 least	 the	 10%	 of	 the	 total	 operating	 time.	 The	 evaluation	 of	 this	 index	 allows	 making	
assumptions	 on	 the	 effectiveness	 of	 the	 energy	 distribution	network,	 in	 order	 to	 avoid	 unnecessary	 and	
costly	interventions	on	territory.	From	its	definition,	it	follows	that	the	𝑙𝑖𝑛𝑘𝑠_𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒	varies	within	the	
interval	[0,1]:	the	higher	is	its	value,	the	more	exploited	is	the	energy	distribution	network.			
The	 second	 index	 takes	 into	 account	 that	 the	 energy	 produced	 by	 the	 agents	may	 be	wasted,	 in	 the	
sense	 that	 there	may	 be	 exceeding	 energy	 with	 respect	 to	 that	 needed	 by	 all	 the	 agents	 (included	 the	
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producer)	within	 the	 neighbourhood.	 This	 index	 is,	 therefore,	 influenced	only	 by	 the	 producers	 that	 still	
have	a	positive	energy	surplus	after	the	energy	exchange	and	is	indicated	as	
𝑒𝑛𝑒𝑟𝑔𝑦_𝑙𝑜𝑠𝑠_𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 = (𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛./ − 𝑑𝑒𝑚𝑎𝑛𝑑./ − 𝑒𝑥𝑐ℎ𝑎𝑛𝑔𝑒./)Q.RST/RU 	𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛./Q.RST/RU 		 (2.3)	
where	𝑒𝑥𝑐ℎ𝑎𝑛𝑔𝑒./	is	the	amount	of	energy	that	agent	i	distributes	to	the	set	of	its	neighbouring	agents	
at	 time	 t.	More	 in	detail,	 the	 (producer)	agent	 i	 distributes	 its	energy	 surplus	 to	 the	 set	of	neighbouring	
agents	which	require	energy	(i.e.	with	negative	surplus)	according	to	a	priority	list,	 in	the	way	that	agents	
with	the	smaller	absolute	value	of	surplus	are	supplied	before	the	others.	The	𝑒𝑛𝑒𝑟𝑔𝑦_𝑙𝑜𝑠𝑠_𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒	
may	assume	values	within	[0,1].	Of	course,	being	renewable	energy	produced	whatever	the	demand	of	the	
agents,	 it	 is	 preferable	 to	 have	 minimum	 values	 of	 energy	 loss.	 Therefore,	 this	 index	 is	 an	 operating	
indication	aiming	to	measure	the	efficiency	in	the	exploitation	of	the	renewable	energy	system.		
Finally,	 the	 third	 index	 estimates	 the	 percentage	 of	 energy	 supplied	 by	 the	 central-agent	 during	 the	
entire	time	interval	and	is	indicated	as	
𝑠𝑢𝑝𝑝𝑙𝑦_𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 = 𝑐𝑒𝑛𝑡𝑟𝑎𝑙_𝑠𝑢𝑝𝑝𝑙𝑦/T/RU 𝑑𝑒𝑚𝑎𝑛𝑑./Q.RST/RU 		 (2.4)	
where	the	variable	central_supplyZ	expresses	the		amount	of	energy	that	the	central-agent	supplies	to	
all	the	nodes-agents	at	each	time	t,	i.e.	𝑐𝑒𝑛𝑡𝑟𝑎𝑙_𝑠𝑢𝑝𝑝𝑙𝑦/ = 𝑒𝑛𝑒𝑟𝑔𝑦_𝑠𝑢𝑟𝑝𝑙𝑢𝑠./, ∀Q.RS 𝑒𝑛𝑒𝑟𝑔𝑦_𝑠𝑢𝑟𝑝𝑙𝑢𝑠./ < 0							𝑡 = 0, … , 𝑇	 (2.5)	
As	for	the	previous	indexes,	the	values	of	the	𝑠𝑢𝑝𝑝𝑙𝑦_𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒	varies	within	the	interval	[0,1]:	low	
values	mean	 low	 supply,	 that	 is,	 the	 agents	 distribute	 a	major	 amount	 of	 energy	produced	by	means	of	
renewable	based	systems.		
In	order	to	evaluate	the	best	trade-off	among	the	before	introduced	indexes,	a	further	global	measure	
with	values	in	the	interval	[0,1]	is	introduced.	This	supplementary	indicator	is	expressed	as	𝑖𝑛𝑑𝑒𝑥].^ = 𝑙𝑖𝑛𝑘𝑠_𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 ∗ 1 − 𝑒𝑛𝑒𝑟𝑔𝑦_𝑙𝑜𝑠𝑠_𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 ∗ (1 − 𝑠𝑢𝑝𝑝𝑙𝑦_𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒)	 (2.6)	
The	 formulation	 of	 Eq.(2.6)	 considers	 that	 the	 𝑙𝑖𝑛𝑘𝑠_𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒	 index	 is	 desirable	 to	 assume	 the	
highest	 value	 whilst	 the	 other	 two	 indexes,	 i.e.	 the	 𝑒𝑛𝑒𝑟𝑔𝑦_𝑙𝑜𝑠𝑠_𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒	 and	 the	𝑠𝑢𝑝𝑝𝑙𝑦_𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒,	 are	 preferred	 to	 assume	 low	 values.	 To	 this	 purpose,	 they	 are	 considered	 as	 the	
complement	to	unity	so	that	the	ultimate	goal	of	this	study	becomes	that	of	maximizing	this	global	index.	
3. Case	study	and	discussion	
The	introduced	agent-based	model	aims	at	elaborating	the	most	suitable	strategy	when	dealing	with	the	
design	of	an	energy	distribution	network	among	 the	buildings	of	an	urban	area.	Buildings	equipped	with	
renewable	based	energy	systems	acquire	the	opportunity	to	exchange	the	own	produced	energy,	beyond	
the	chance	to	satisfy	 their	demands.	With	the	objective	of	designing	an	energy	distribution	network,	 it	 is	
essential	to	determine	both	which	buildings	may	install	renewable	energy	systems	and	which	buildings	to	
be	connected	 for	 the	exchange.	To	 this	end,	a	 theoretical	application	 is	proposed	 to	 test	 the	model	and,	
precisely,	 an	 urban	 territory	 of	 1300	𝑚×1300	𝑚	 with	 𝑁 = 1000	 randomly	 placed	 nodes-agents	 is	
considered.	 Agents	 are	 representative	 of	 buildings	 characterized	 by	 an	 energy	 demand	 and	 a	 potential	
6	
	
energy	production	deriving	from	the	installed	renewable	energy	systems.	Simulations	run	on	the	NetLogo	
platform	[20].	
The	main	idea	of	the	simulations	is	to	reproduce	the	daily	exchange	of	electricity	among	agents,	in	their	
capacity	as	consumers	or	producers.		
Each	agent	corresponds	to	a	building	with	10	apartments	and	is	characterized	by	the	electricity	demand	
profile	 of	 Fig.2.	 The	 electricity	 profiles	 are	 related	 the	 average	 household	 size	 and	 average	 electricity	
demand	pro	capita	defined	in	the	Eurostat	2016	[21].	Household	demand	covers	the	use	of	electricity	for	
space	 and	 water	 heating	 and	 all	 electrical	 appliances.	 As	 regards	 to	 the	 electricity	 production,	 agents	
equipped	 with	 a	 photovoltaic	 panels	 exhibit	 an	 electricity	 production	 profile	 as	 the	 one	 in	 Fig.3,	 also	
obtained	 from	 the	Eurostat	 statistics	of	 2016	 [22].	 In	 the	 intent	of	 the	present	 case	 study,	 two	different	
electricity	 consumption	 and	 production	 are	 considered.	 Precisely,	 in	 the	 first	 scenario	 each	 agent	 (both	
consumer	 and	 producer)	 is	 characterized	 by	 the	 same	 electricity	 consumption	 profile	 of	 Fig.2	 and	 each	
producer	by	the	electricity	production	profile	of	Fig.3.	This	scenario	 is	hereinafter	called	constant	profiles	
scenario.	 In	 the	 second	 scenario,	 called	 variable	 profiles	 scenario,	 each	 agent	 varies	 its	 electricity	
production	and	consumption	still	according	to	the	profiles	of	Figures	2	and	3,	but	also	agreeing	to	a	random	
uniform	 distribution	 with	 mean	 equal	 to	 the	 hourly	 value	 of	 the	 electricity	 consumption	 or	 production	
profile	and	standard	deviation	equal	to	one-third	of	the	mean.	Agents	may	exchange	electricity	within	the	
neighbourhood	 defined	 by	 means	 of	 the	 chosen	 𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛_𝑟𝑎𝑑𝑖𝑢𝑠.	 Each	 agent,	 during	 the	 time	
simulation,	 searches	 for	 other	 agents	 located	 within	 the	 defined	 neighbourhood	 and	 takes	 action	 to	
distribute	its	electricity	surplus.		
	
Fig.2	Electricity	demand	profile	of	each	agent	
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Fig.3	Electricity	production	profile	of	each	agent	equipped	with	a	photovoltaic	energy	production	system	
The	model	has	been	implemented	by	considering	the	two	following	variables:	the	percentage	of	agents	
equipped	with	electricity	production	systems,	briefly	named	producers,	and	the	distance	among	agents.		
Simulations	 run	 for	 both	 the	 constant	 profiles	 and	 the	 variable	 profiles	 scenarios	 at	 different	
percentages	 of	 producers	 and	 distances.	 Moreover,	 each	 scenario	 is	 also	 analysed	 for	 different	 links	
activation	thresholds	during	the	time	period.	In	particular,	the	chosen	threshold	values	correspond	to	the	
percentages	of	0%,	5%	and	10%.	
All	 simulations	 are	 conducted	 for	 the	 24	 h	 cycle;	 however,	 since	 the	 electricity	 production	 of	 agents	
occurs	 in	 the	 time	 period	 from	 8:00	 to	 18:00,	 the	 𝑙𝑖𝑛𝑘𝑠_𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒	 index	 for	 every	 links	 activation	
threshold,	 the	𝑒𝑛𝑒𝑟𝑔𝑦_𝑙𝑜𝑠𝑠_𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒	 index	 and	 the	 𝑠𝑢𝑝𝑝𝑙𝑦_𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒	 index	 are	 here	 reported	 in	
relation	to	this	specific	time	period.	Indeed,	since	the	time	slots	from	0:00	to	8:00	and	from	18:00	to	24:00	
are	 not	 characterized	by	 renewable	 solar	 production,	 in	 these	periods	 the	demands	of	 agents	 are	 solely	
satisfied	from	the	central-agent,	as	in	the	traditional	grid.		
With	 the	 aim	 of	 illustrating	 the	 functioning	 of	 the	 model,	 a	 T=24	 h	 simulation	 is	 carried	 on.	 To	 the	
purpose,	the	electricity	distribution	within	the	introduced	hypothetical	area	populated	by	𝑁 = 1000	agents	
is	 reproduced	 for	 a	 fixed	 distance	 of	 connection,	 chosen	 as	 𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛_𝑟𝑎𝑑𝑖𝑢𝑠 = 150	𝑚,	 and	 for	 a	
percentage	 of	 30%	 of	 agents	 that	 have	 installed	 photovoltaic	 panels.	 Results	 are	 briefly	 summarized	
through	the	graphical	interface	of	NetLogo	in	Fig.4.	
Fig.4	reports	the	NetLogo	environment	at	the	end	of	a	24	h	(i.e.	1440	min)	simulation.	The	map	displays	
both	green	and	red	nodes,	representing	respectively	buildings	that	are	responsible	for	the	exchange	or	not,	
together	with	the	corresponding	links	of	the	top	layer.	Counters	for	nodes,	activated	and	inactivated	links,	
time	and	demand	are	shown	on	 the	 left	of	 the	 interface.	 In	 the	central	part	of	 the	 interface,	 three	plots	
show	 the	 behaviour	 of	 the	 main	 indexes	 (𝑙𝑖𝑛𝑘𝑠_𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒,	 𝑠𝑢𝑝𝑝𝑙𝑦_𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒	and	𝑒𝑛𝑒𝑟𝑔𝑦_𝑙𝑜𝑠𝑠_𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒)	as	function	of	time,	with	a	print	time-step	(called	supply_time)	of	15	minutes.	
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Fig.4	Graphical	interface	of	NetLogo	for	a	24	h	simulation,	a	𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛_𝑟𝑎𝑑𝑖𝑢𝑠 = 150	𝑚,	and	for	a	
percentage	of	30%	of	producers	and	for	the	0%	of	the	links	activation	threshold	
In	 particular,	 it	 results	 that:	 the	 links	 activation	 starts	 at	 8:00	 in	 the	morning	 and	 rapidly	 reaches	 its	
asymptotic	value	(83%);	the	supply	from	the	central-node	starts	to	increase	from	its	low	night	level	around	
6:00	and	stays	quite	high	 for	a	couple	of	hours	until,	at	8:00,	 the	 renewable	energy	production	becomes	
effective:	then,	as	expected,	this	supply	decreases	towards	zero	due	to	the	local	energy	exchange	but,	after	
12:00,	 it	 increases	 again	until	 it	 reaches	 its	maximum	value	during	 the	evening	hours;	 consequently,	 the	
profile	of	 the	energy	 loss	 is	 concentrated	 in	 the	 central	part	of	 the	day	and	 reaches	a	maximum	around	
12:00.	 Finally,	by	 integrating	 the	 last	 two	curves	over	 time	and	using	Eq.(2.6)	one	 could	extract	 the	 final	
value	 of	 the	 global	 𝑖𝑛𝑑𝑒𝑥].^.	 In	 the	 next	 two	 paragraphs	 the	 behaviour	 of	 all	 these	 quantities	 will	 be	
studied	as	function	of	either	the	connection	radius	or	the	percentage	of	producers	and	within	two	distinct	
scenarios,	considering	first	a	constant	profile	of	energy	consumption	and	production,	then	a	variable	one.				
3.1 Scenario	1:	constant	profiles	of	both	electricity	consumption	and	production		
In	the	first	set	of	simulations,	the	electricity	consumption	profile	 is	equal	for	all	agents	of	the	network	
and	 corresponds	 to	 the	 profile	 of	 Fig.2.	 Similarly,	 agents	 equipped	 with	 photovoltaic	 panels	 display	 the	
electricity	production	profile	of	Fig.3	with	no	distinctions.	The	simulations	are	performed,	on	each	occasion,	
for	fixed	values	of	the	𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛_𝑟𝑎𝑑𝑖𝑢𝑠,	 i.e.	the	maximum	distance	along	which	agents	may	exchange	
energy,	 and	 considering	 different	 percentages	 of	 producers.	 The	 fixed	 values	 of	 the	𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛_𝑟𝑎𝑑𝑖𝑢𝑠	
are	reported	in	Table	1,	whilst	the	percentage	of	producers	varies	from	0%	to	the	100%.	The	increase	in	the	
values	 of	 the	 𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛_𝑟𝑎𝑑𝑖𝑢𝑠	 indicates	 that	 at	 each	 simulation	 step	 a	 larger	 area	 is	 gradually	
considered	and,	therefore,	a	major	number	of	connections	are	established.	The	percentages	of	producers	
are	 related	 to	 the	 total	 amount	 of	 agents	 of	 the	 network.	 In	 particular,	 increasing	 the	 percentage	 of	
producers	implies	that	a	major	amount	of	agents	installs	photovoltaic	panels.		
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	 𝒄𝒐𝒏𝒏𝒆𝒄𝒕𝒊𝒐𝒏_𝒓𝒂𝒅𝒊𝒖𝒔	[m]	
50	
100		
150	
200	
Table	1.	Values	of	the	𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛_𝑟𝑎𝑑𝑖𝑢𝑠		
For	each	set	of	simulations,	the	trends	of	the	𝑙𝑖𝑛𝑘𝑠_𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒	 index,	the	𝑒𝑛𝑒𝑟𝑔𝑦_𝑙𝑜𝑠𝑠_𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒	
index	and	the	𝑠𝑢𝑝𝑝𝑙𝑦_𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒	 index	at	different	links	activation	thresholds	are	recorded.	The	graphs	
of	 the	 𝑙𝑖𝑛𝑘𝑠_𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒	 index	 are	 the	 only	 reported	 graphs	 that	 contain	 the	 specification	 of	 the	
considered	threshold.	Regarding	both	the	𝑒𝑛𝑒𝑟𝑔𝑦_𝑙𝑜𝑠𝑠_𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒	and	the	𝑠𝑢𝑝𝑝𝑙𝑦_𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒	indexes,	
instead,	a	unique	graph	is	representative	for	all	the	thresholds.	As	a	reminder,	this	choice	derives	from	the	
evidence	 that	 the	 links	 activation	 threshold	 influences	 only	 the	 𝑙𝑖𝑛𝑘𝑠_𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒	 index,	 since	 it	
corresponds	to	the	calculation	of	how	many	times	links	are	used	for	the	energy	distribution	and	does	not	
account	for	electricity	quantities.	
The	links	activation	threshold	is	initially	set	to	0%,	i.e.	each	link	is	counted	as	active	if	it	is	characterized	
by	at	least	one	electricity	exchange	during	the	time	period	[08: 00, 18: 00].	Subsequently,	the	threshold	is	
enlarged	 to	 the	 5%	 and	 10%.	 The	 trends	 of	 the	 𝑙𝑖𝑛𝑘𝑠_𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒	 index	 for	 the	 three	 chosen	 links	
activation	thresholds	are	reported	in	Fig.5.		
	(a)	 	(b)	
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	 (c)	
Fig.5	Trends	of	the	𝑙𝑖𝑛𝑘𝑠_𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒	index	in	correspondence	to:	(a)	links	activation	threshold	0%;	(b)	
links	activation	threshold	5%;	(c)	links	activation	threshold	10%	
The	𝑙𝑖𝑛𝑘𝑠_𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒	index	decreases	as	a	function	of	the	percentage	of	producers	until	the	nil	value	
in	 correspondence	 of	 the	 100%	 of	 agents;	 i.e.	 the	 electricity	 produced	 by	 each	 agent	 is	 used	 for	 own	
purposes	and,	therefore,	not	distributed.	As	a	result,	not	any	 link	of	the	distribution	network	 is	used	and	
the	 𝑙𝑖𝑛𝑘𝑠_𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒	 index	 is	null.	Vice	versa,	 the	maximum	values	of	 the	 𝑙𝑖𝑛𝑘𝑠_𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒	 index	are	
recorded	 in	correspondence	of	small	percentages	of	producers.	 Into	detail,	 the	consideration	of	 the	 links	
activation	threshold	significantly	discriminates	the	results.	Accordingly,	when	threshold	 is	0%	(Fig.5a),	the	
trends	 of	 the	 𝑙𝑖𝑛𝑘𝑠_𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒	 index	 are	 similar	 independently	 of	 the	 𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛_𝑟𝑎𝑑𝑖𝑢𝑠	 values.	 In	
these	cases,	the	maximum	value	of	the	index	is	yielded	in	correspondence	with	the	10%	of	producers.	The	
insertion	of	a	links	activation	threshold	greater	than	0%	(Fig.5b	and	Fig.5c),	instead,	returns	a	reduction	of	
the	𝑙𝑖𝑛𝑘𝑠_𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒	index	at	increasing	the	𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛_𝑟𝑎𝑑𝑖𝑢𝑠;	this	is	even	truer	for	the	threshold	10%	
in	Fig.5c.	This	means	that	the	majority	of	the	links	of	the	network	is	used	less	than	the	5%	or	the	10%	of	the	
entire	 operating	 time	 interval.	 However,	 as	 a	 general	 result,	 the	 percentage	 of	 10%	 of	 producers	
guarantees	 the	maximum	 exploitation	 of	 the	 links	 of	 the	 distribution	 network.	 This	 is	 all	 the	more	 true	
when	distances	equal	to	𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛_𝑟𝑎𝑑𝑖𝑢𝑠	 = 	50	or	𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛_𝑟𝑎𝑑𝑖𝑢𝑠	 = 	100	are	considered	and	for	
which	the	𝑙𝑖𝑛𝑘𝑠_𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒	index	is	almost	near	to	the	0.93,	i.e.	the	93%	of	the	total	links	established	in	
the	initial	topology	of	the	network	are	characterized	by	an	electricity	exchange.		
The	 following	graphs	of	Fig.6	and	Fig.7,	 respectively	 representing	the	𝑒𝑛𝑒𝑟𝑔𝑦_𝑙𝑜𝑠𝑠_𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒	 index	
and	 the	 𝑠𝑢𝑝𝑝𝑙𝑦_𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒	 index,	 are	 reported	 by	 way	 of	 example	 for	 the	 threshold	 0%.	 The	𝑒𝑛𝑒𝑟𝑔𝑦_𝑙𝑜𝑠𝑠_𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒	 index	 rises	 when	 increasing	 the	 percentage	 of	 producers.	 In	 point	 of	 fact,	 a	
major	 electricity	 production	 yields	 a	 major	 surplus	 compared	 to	 the	 demands	 of	 the	 agents	 in	 the	
neighbourhood,	 thus	 resulting	 in	 an	 increase	 of	 the	 electricity	 that	 is	 not	 immediately	 distributed	 and,	
therefore,	 “lost”.	 Concerning	 the	 distance	 of	 connection,	 instead,	 the	 amount	 of	 electricity	 that	 is	
considered	as	“lost”	is	slightly	greater	for	𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛_𝑟𝑎𝑑𝑖𝑢𝑠	 = 	50	compared	to	the	higher	distances.		
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Fig.6	The	𝑒𝑛𝑒𝑟𝑔𝑦_𝑙𝑜𝑠𝑠_𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒	index	at	the	different	𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛_𝑟𝑎𝑑𝑖𝑢𝑠	values	
Finally,	the	𝑠𝑢𝑝𝑝𝑙𝑦_𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒	index	in	Fig.7	diminishes	at	increasing	percentages	of	producers.	This	is	
manifested	in	the	fact	that	the	increase	of	the	installation	of	renewable	systems	allows	agents	to	achieve	
the	 energy	 self-sufficiency,	 thus	 reducing	 the	 supply	 from	 the	 central-agent.	 Anyway,	 the	 central-agent	
keeps	 its	 significant	 role	 in	 the	 time	 interval	 occurring	 between	 18:00	 and	 8:00,	 when	 the	 photovoltaic	
panels	have	a	nil	production.		
	
Fig.7	The	𝑠𝑢𝑝𝑝𝑙𝑦_𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒	index	at	the	different	𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛_𝑟𝑎𝑑𝑖𝑢𝑠	values	
As	concluding	remark,	the	𝑖𝑛𝑑𝑒𝑥].^	reporting	the	best	trade-off	among	the	indexes	is	considered	and	
shown	in	Fig.8.	
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	 (a)	 	 (b)	
	
	 (c)	
Fig.8	Trends	of	the	𝑖𝑛𝑑𝑒𝑥].^	in	correspondence	to:	(a)	links	activation	threshold	0%;	(b)	links	activation	
threshold	5%;	(c)	links	activation	threshold	10%	
The	 examination	 of	 the	 𝑖𝑛𝑑𝑒𝑥].^	 allows	 inferring	 conclusions	 about	 the	 relationship	 between	 the	
thresholds	and	both	the	distance	of	connection	and	the	percentage	of	producers.	It	comes	clearly	out	how	
the	higher	values	of	the	𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛_𝑟𝑎𝑑𝑖𝑢𝑠	are	preferable	when	no	restrictions	about	the	links	activation	
are	 assumed.	 Vice	 versa,	 when	 considering	 thresholds	 greater	 than	 the	 0%,	 the	 value	 of	𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛_𝑟𝑎𝑑𝑖𝑢𝑠	 = 50	𝑚	 returns	 the	 maximum	 value	 of	 the	 𝑖𝑛𝑑𝑒𝑥].^	 and,	 as	 a	 confirmation,	 at	
increasing	 distances,	 the	 𝑖𝑛𝑑𝑒𝑥].^	 decreases.	 This	 result	means	 that	 the	 electricity	 distribution	 network	
performs	more	efficiently,	 i.e.	with	major	activation	of	 the	 links	and	with	both	minor	electricity	 loss	and	
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demand	 to	 the	 central	 agent,	 when	 agents	 act	 in	 a	 spatial	 limited	 neighbourhood.	 Moreover,	 the	
percentage	of	producers	that	guarantees	the	best	performance	is	around	the	20%	and	the	30%.	
The	trends	of	the	𝑖𝑛𝑑𝑒𝑥].^	 for	the	different	thresholds	at	 fixed	values	of	the	𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛_𝑟𝑎𝑑𝑖𝑢𝑠	are	
compared	in	Fig.9.		
	 (a)	 	 (b)	
	 (c)		 	 (d)	
Fig.9	Threshold	comparison	for	the	𝑖𝑛𝑑𝑒𝑥].^	at:	(a)	𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛_𝑟𝑎𝑑𝑖𝑢𝑠 = 50	𝑚;	(b)	𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛_𝑟𝑎𝑑𝑖𝑢𝑠 = 100	𝑚;	(c)	𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛_𝑟𝑎𝑑𝑖𝑢𝑠 = 150	𝑚;	(d)	𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛_𝑟𝑎𝑑𝑖𝑢𝑠 = 200	𝑚	
In	 Fig.9a	 the	 insertion	 of	 the	 links	 activation	 thresholds	 causes	 a	 decrease	 of	 the	 𝑖𝑛𝑑𝑒𝑥].^	 for	 fixed	
percentages	of	producers	are	considered	(excluding	the	percentages	of	10%	and	20%	for	which	the	curves	
are	almost	identical).	At	increasing	values	of	the	𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛_𝑟𝑎𝑑𝑖𝑢𝑠,	the	diversity	among	the	thresholds	is	
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even	more	evident.	In	particular,	in	the	case	of	200	m	(Fig.9d),	the	𝑖𝑛𝑑𝑒𝑥].^	is	about	null	when	threshold	
10%	is	applied.		
3.2 Scenario	2:	variable	profiles	of	both	electricity	consumption	and	production		
The	 second	 set	 of	 simulations	 runs	 considering	 variable	 profiles	 of	 both	 electricity	 consumption	 and	
production	for	fixed	values	of	the	𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛_𝑟𝑎𝑑𝑖𝑢𝑠,	by	varying	the	percentages	of	producers.	The	values	
of	 the	 𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛_𝑟𝑎𝑑𝑖𝑢𝑠	 are	 the	 same	 applied	 to	 the	 precedent	 scenario	 and	 reported	 in	 Table	 1.	
Similarly,	the	percentage	of	producers	varies	from	0%	to	the	100%	and	the	links	activation	is	set	to	the	0,	5	
and	10%	in	each	simulation	step.	The	𝑙𝑖𝑛𝑘𝑠_𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒	indexes	are	reported	in	Fig.10.		
	 	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	 	
Fig.10	Trends	of	the	𝑙𝑖𝑛𝑘𝑠_𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒	index	in	correspondence	to:	(a)	links	activation	threshold	0%;	(b)	
links	activation	threshold	5%;	(c)	links	activation	threshold	10%	
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The	𝑙𝑖𝑛𝑘𝑠_𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒	index	when	threshold	0%	is	considered,	i.e.	Fig.	10	(a),	displays	similar	trends	at	
increasing	 values	 of	 the	 𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛_𝑟𝑎𝑑𝑖𝑢𝑠.	 Moreover,	 its	 trend	 indicates	 how	 low	 percentages	 of	
producers	 ensure	 a	 higher	 exploitation	 of	 the	 links	 of	 the	 distribution	 network.	 Differently	 from	 the	
previous	scenario	(Fig.5a),	the	𝑙𝑖𝑛𝑘𝑠_𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒	index	does	not	assume	nil	values	due	to	the	fact	that	the	
electricity	 demands	 and	 productions	 of	 the	 agents	 are	 here	 variable.	 Instead,	 being	 scenario	 1	
characterized	by	constant	demands	and	productions,	all	agents	are	producers	and	consumers	in	the	same	
way;	therefore,	given	that	the	100%	of	the	agents	are	producers,	no	electricity	exchange	is	feasible.	When	
thresholds	 are	 included	 in	 the	 simulations	 (Fig.10b	 and	 Fig.10c)	 the	 maximum	 values	 of	 the	𝑙𝑖𝑛𝑘𝑠_𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒	 index	 are	 recorded	 in	 correspondence	 to	 a	 distance	 equal	 to	 𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛_𝑟𝑎𝑑𝑖𝑢𝑠	 =50	𝑚,	 and,	anyway,	 for	 the	10%	of	producers.	Moreover,	 compared	 to	 the	previous	 scenario	 (Fig.5b	and	
Fig.5c),	 the	 𝑙𝑖𝑛𝑘𝑠_𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒	 index	decreases	more	uniformly	at	 increasing	 the	𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛_𝑟𝑎𝑑𝑖𝑢𝑠.	Or	
rather,	a	minor	number	of	links	are	used	for	the	distribution	although	the	permitted	distance	of	connection	
is	higher.		
The	𝑒𝑛𝑒𝑟𝑔𝑦_𝑙𝑜𝑠𝑠_𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒	index	and	the	𝑠𝑢𝑝𝑝𝑙𝑦_𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒	index	for	the	threshold	example	0%	
are	reported	in	Fig.11	and	Fig.12.		
	
Fig.11	Trends	of	the	𝑒𝑛𝑒𝑟𝑔𝑦_𝑙𝑜𝑠𝑠_𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒	index	in	correspondence	to	links	activation	threshold	0%	
	
	
Fig.12	Trends	of	the	𝑠𝑢𝑝𝑝𝑙𝑦_𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒	index	in	correspondence	to	links	activation	threshold	0%	
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The	 𝑒𝑛𝑒𝑟𝑔𝑦_𝑙𝑜𝑠𝑠_𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒	 index,	 approximately	 for	 each	 links	 activation	 threshold,	 shows	 an	
increasing	 trend.	Actually,	 the	value	of	 the	𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛_𝑟𝑎𝑑𝑖𝑢𝑠	 equal	 to	50	m	 is	 responsible	 for	a	major	
(although	limited)	electricity	loss.	Nevertheless,	beyond	50	m,	the	electricity	losses	are	almost	similar	at	the	
different	distances.	In	addition,	the	increase	of	the	percentage	of	producers	does	not	avoid	electricity	loss;	
rather,	 the	 exceeding	 electricity	 is	 not	 distributed	 since	 neighbouring	 agents	 also	 produce	 electricity	 on	
their	own	and	do	not	need	to	receive	from	the	other	producers.		
The	𝑠𝑢𝑝𝑝𝑙𝑦_𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒	 index	exhibits	an	initial	decrease	and	then	performs	a	nearly	constant	trend.		
Generally,	low	percentages	of	producers	mean	a	major	amount	of	electricity	supply	from	the	central-agent	
in	order	to	satisfy	the	demands	of	the	agents	of	the	network.	However,	the	increase	of	the	percentage	of	
producers	 is	 a	 convenient	 choice	 up	 to	 the	 point,	 around	 the	 60-70%	 of	 producers,	 beyond	 which	 no	
further	 advantages	 may	 be	 achieved	 (also	 because,	 for	 non-zero	 links	 activation	 thresholds,	 the	 supply	
becomes	null).	 Therefore,	 although	producers	are	able	 to	 reach	a	broader	neighbourhood	of	 agents,	 the	
supply	from	the	central-agent	does	not	decrease;	this	is	due	to	the	fact	that	agents	have	already	distributed	
their	exceeding	electricity	to	closer	neighbours	and	do	not	use	further	links	for	the	distribution	or	they	do	
not	have	further	exceed	to	distribute.	
Finally,	 the	 comparison	of	 the	 𝑖𝑛𝑑𝑒𝑥].^	 behaviour	 for	different	 links	 activation	 thresholds	by	 varying	
the	radius	of	connection	and	the	percentage	of	producers	is	shown	in	Fig.13.	
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Fig.13	Trends	of	the	𝑖𝑛𝑑𝑒𝑥].^	in	correspondence	to:	(a)	links	activation	threshold	0%;	(b)	links	activation	
threshold	5%;	(c)	links	activation	threshold	10%		
The	results	are	qualitatively	similar	to	the	corresponding	ones	of	scenario	1,	shown	 in	Fig.8;	all	curves	
show	an	initial	 increment	and	then	a	decrement	that	 is	more	evident	the	higher	becomes	the	considered	
links	 activation	 threshold.	 The	 best	 performance	 in	 terms	 of	 the	 𝑖𝑛𝑑𝑒𝑥].^	 is	 generally	 attained	 in	
correspondence	 with	 the	 30%	 of	 producers	 and	 distances	 higher	 than	 50	 m,	 when	 no	 links	 activation	
threshold	is	considered.	However,	the	insertion	of	the	thresholds	diminishes	the	value	of	the	𝑖𝑛𝑑𝑒𝑥].^;	in	
these	 cases,	 the	 best	 trade-off	 among	 the	 three	 indexes	 is	 found	 for	 every	 configuration	 that	 plans	 the	
insertion	of	a	percentage	of	producers	equal	to	30%	and	20%	(respectively	for	threshold	5%	and	10%)	and	a	𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛_𝑟𝑎𝑑𝑖𝑢𝑠 = 50	𝑚.		
The	curves	of	the	𝑖𝑛𝑑𝑒𝑥].^	 for	the	different	thresholds	at	fixed	values	of	the	𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛_𝑟𝑎𝑑𝑖𝑢𝑠	are	
reported	in	Fig.14.		
	 (a)	 	 (b)	
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	 (c)		
	
(d)	
	
Fig.14	Threshold	comparison	for	the	𝑖𝑛𝑑𝑒𝑥].^	at:	(a)	𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛_𝑟𝑎𝑑𝑖𝑢𝑠 = 50	𝑚;	(b)	𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛_𝑟𝑎𝑑𝑖𝑢𝑠 = 100	𝑚;	(c)	𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛_𝑟𝑎𝑑𝑖𝑢𝑠 = 150	𝑚;	(d)	𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛_𝑟𝑎𝑑𝑖𝑢𝑠 = 200	𝑚	
As	previously	highlighted	in	the	discussion	of	Fig.9	for	scenario1,	the	thresholds	produce	a	decrease	of	
the	 recorded	values	of	 the	 𝑖𝑛𝑑𝑒𝑥].^.	 The	decrease	becomes	more	 significant	at	 increasing	values	of	 the	𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛_𝑟𝑎𝑑𝑖𝑢𝑠.	Hence,	as	also	noticed,	the	higher	the	distance	the	lower	the	𝑖𝑛𝑑𝑒𝑥].^.		
The	 comparison	 between	 scenario	 1	 and	 scenario	 2	 is	 briefly	 summarized	 in	 Fig.15.	 The	 𝑖𝑛𝑑𝑒𝑥].^	 is	
reported	in	these	graphs	since	it	combines	the	major	values	of	the	links	exploitation	with	the	minor	values	
of	both	the	electricity	losses	and	electricity	supply	from	the	central	agent.	To	highlight	the	impact	that	the	
thresholds	have	on	 the	evaluation	of	 the	performance	of	 the	distribution	network,	 the	 sole	0%	and	10%	
activation	thresholds	are	compared	and	reported	in	the	graphs.		
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	(a)	 	 (b)	
	(c)		 	 (d)	
Fig.15	Threshold	comparison	for	the	𝑖𝑛𝑑𝑒𝑥].^	at:	(a)	𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛_𝑟𝑎𝑑𝑖𝑢𝑠 = 50	𝑚;	(b)	𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛_𝑟𝑎𝑑𝑖𝑢𝑠 = 100	𝑚;	(c)	𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛_𝑟𝑎𝑑𝑖𝑢𝑠 = 150	𝑚;	(d)	𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛_𝑟𝑎𝑑𝑖𝑢𝑠 = 200	𝑚	
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As	 a	 general	 observation,	 high	 distances	 combined	 with	 a	 nil	 threshold	 permit	 to	 achieve	 better	
performance	of	the	distribution	network,	in	terms	of	links	exploitation	and	of	both	minor	losses	and	central	
supply.	 As	 regard	 to	 the	 percentage	 of	 producers,	 instead,	 the	 30%	 of	 producers	 among	 the	 totality	 of	
agents	guarantees	the	maximum	values	of	the	𝑖𝑛𝑑𝑒𝑥].^in	every	case.	In	details,	a	nil	threshold	means	that	
every	link	that	is	used	for	at	least	one	exchange	during	the	operating	time	[08:00,	18:00]	is	included	in	the	𝑙𝑖𝑛𝑘𝑠_𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒	 index.	 Inserting	 the	 threshold	 of	 10%	 is,	 however,	 a	 good	 argument	 to	 avoid	 fully	
unused	links,	since	all	links	used	less	than	the	10%	of	the	time	are	excluded.	Under	this	hypothesis,	the	best	
performances	 are	 recorded,	 oppositely,	 in	 correspondence	 with	 low	 distances,	 in	 particular	 for	𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛_𝑟𝑎𝑑𝑖𝑢𝑠 = 50	𝑚	and	for	the	20%	of	producers.	Therefore,	the	planning	of	a	network	of	energy	
distribution	has	also	to	consider	the	real	exploitation	of	its	links	in	order	to	avoid	costly	interventions	that	
do	not	bring	advantages	in	terms	of	energy	distribution.			
4. Conclusions	
The	 insertion	of	 renewable	based	energy	 systems	within	 the	urban	areas	allows	citizens	 to	 shift	 from	
passive	consumers	 to	active	producers,	 since	 they	become	able	 to	both	 reach	 the	energy	 self-sufficiency	
and	distribute	the	eventual	exceeding	production.	Considering	consumers	and	producers	as	nodes	and	the	
energy	exchanges	as	links,	a	network	of	energy	distribution	may	be	configured.	The	assessment	of	both	the	
impact	of	renewable	energy	systems	on	the	traditional	supply	and	the	configuration	of	the	connections	in	
the	resulting	network	requires	appropriate	models.	To	the	purpose,	this	paper	introduces	an	agent-based	
model	aimed	at	orienting	the	design	process	of	an	energy	distribution	network.	The	model	introduces	two	
breeds	 of	 agents;	 the	 node-agents,	 considered	 as	 consumers	 and	 potential	 producers,	 and	 the	 central-
agent,	 representative	of	 the	 traditional	power	plant.	 Simulations	 run	 to	 reproduce	 the	daily	exchange	of	
energy	 among	 buildings	 in	 their	 capacity	 as	 consumers	 or	 producers	 equipped	 with	 renewable	 energy	
systems.	Moreover,	three	indexes	are	introduced	to	describe	the	operation	of	the	distribution	network	and	
refer	 to	 the	 rate	of	 exploited	 links,	 the	energy	not	 further	distributed	and	 the	energy	 supplied	 from	 the	
central-agent.		
The	 model	 is	 tested	 for	 a	 theoretical	 area	 and	 two	 main	 scenarios	 are	 identified	 for	 the	 simulation	
process;	on	one	side	constant	profiles	of	electricity	demands	and	production	of	agents	and,	on	the	other	
side,	 variable	 profiles.	 Both	 scenarios	 consider	 percentages	 of	 agents	 equipped	 with	 renewable	 energy	
systems	between	0%	and	100%	and	 four	values	of	 the	admitted	distance	of	distribution.	Moreover,	 links	
activation	thresholds	are	 inserted	 in	the	model	to	evaluate	how	many	time	 links	are	exploited	within	the	
total	operating	period.		
The	 results	 of	 the	 simulations	 permit	 to	 conclude	 that	 the	 design	 of	 the	 distribution	 network	within	
urban	 areas	 should	 consider	 the	 practical	 usability	 of	 the	 energy	 connections,	 beyond	 the	 evaluation	 of	
both	the	preferable	distance	of	connection	and	percentages	of	producers.	Indeed,	from	this	point	of	view,	
the	number	of	links	used	for	the	energy	exchange	strongly	decreases	when	a	constraint	on	their	activation	
is	posed.	Therefore,	planning	long-distance	connections	may	be	considered	as	the	best	condition	at	a	first	
glance,	but,	actually,	the	insertion	of	activation	thresholds	(such	as	the	10%)	permits	to	conclude	that	the	
majority	of	 the	 links	 is	used	 less	 than	 the	10%	of	 the	 time.	Rather,	 low	distances,	 typically	 around	50	m	
coupled	 with	 the	 20-30%	 of	 producers,	 ensure	 best	 performances	 in	 terms	 of	 exploitation	 of	 the	
distribution	network.		
Further	 research	will	 be	oriented	 in	 the	 implementation	of	 the	presented	model	 in	 a	 real	 case	 study,	
also	including	a	cost	analysis	of	the	energy	exchanges	to	define	scenarios	for	the	proper	design	of	an	urban	
energy	distribution	network.	
	
21	
	
References		
[1]	 International	 Energy	 Agency,	 Key	 World	 Energy	 STATISTICS,	 Edition	 2015,	 available	 at	
http://www.iea.org/publications/freepublications/publication/key-world-energy-statistics-2015.html		
[2]	 Zhang	 D.,	 Shah	 N.,	 Papageorgiou	 L.G.	 Efficient	 energy	 consumption	 and	 operation	management	 in	 a	
smart	 building	 with	 microgrid.	 Energy	 Conversion	 and	 Management	 74	 (2013),	 pp.	 209-222.	
http://dx.doi.org/10.1016/j.enconman.2013.04.038	
[3]	Kang	S.J.,	Park	J.,	Oh	K.Y.,	Noh	J.G.,	Park	H.	Scheduling-based	real	time	energy	flow	control	strategy	for	
building	 energy	 management	 system.	 Energy	 and	 Building	 75	 (2014),	 pp.	 239-248.	
http://dx.doi.org/10.1016/j.enbuild.2014.02.008	
[4]	Bracco	S.,	Dentici	G.,	Siri	S.	DESOD:	a	mathematical	programming	tool	to	optimally	design	a	distributed	
energy	system.	Energy	100	(2016),	pp.	298	–	309.	http://dx.doi.org/10.1016/j.energy.2016.01.050		
[5]	Mehleri	E.D.,	Sarimveis	H.,	Markatos	N.C.,	Papageorgiou	L.G.	A	mathematical	programming	approach	for	
optimal	design	of	distribute	energy	 systems	at	 the	neighbourhood	 level.	 Energy	44	 (2012),	pp.	96	–	104.	
http://dx.doi.org/10.1016/j.energy.2012.02.009		
[6]Alvarado	D.C.,	Acha	S.,	Shah	N.,	Markides	C.N.	A	Technology	Selection	and	Operation	(TSO)	optimization	
model	 for	 distributed	 energy	 systems:	 	 Mathematical	 formulation	 and	 case	 study.	 Applied	 Energy	 180	
(2016),	pp.	491	–	503.	http://dx.doi.org/10.1016/j.apenergy.2016.08.013		
[7]	Weber	C.,	Shah	N.	Optimization	based	design	of	a	district	energy	system	for	an	eco-town	in	the	United	
Kingdom.	Energy	36	(2011),	pp.	1292	–	1308.	http://dx.doi.org/10.1016/j.energy.2010.11.014	
[8]	Natarajan	S.,	Padget	J.,	Elliott	L.	Modelling	UK	domestic	energy	and	carbon	emissions:	an	agent-based	
approach.	Energy	and	Buildings	43	(2011),	pp.	2602	–	2612.	http://dx.doi.org/j.enbuild.2011.05.013		
[9]	 Gonzalez	 de	 Durana	 J.M.,	 Barambones	 O.,	 Kremers	 E.,	 Varga	 L.	 Agent	 based	 modeling	 of	 energy	
networks.	 Energy	 Conversion	 and	 Management	 82	 (2014),	 pp.	 308	 –	 319.	
http://dx.doi.org/10.1016/j.econman.2014.03.018		
[10]	Mbodji	A.K.,	Ndiaye	M.,	Ndiaye	P.A.	Decentralized	control	of	hybrid	electrical	system	consumption:	A	
multi-agent	 approach.	 Renewable	 and	 Sustainable	 Energy	 Reviews	 59	 (2016),	 pp.	 972	 –	 978.	
http://dx.doi.org/10.1016/j.rser.2015.12.135		
[11]	 Sharma	 D.D.,	 Singh	 S.N.,	 Lin	 J.	Multi-agent	 based	 distributed	 control	 of	 distributed	 energy	 storages	
using	 load	 data-	 Journal	 of	 Energy	 Storage	 5	 (2016),	 pp.	 134	 –	 145.	
http://dx.doi.org/10.1016/j.est.2015.12.004		
[12]	Bellekom	S.,	Arentsen	M.,	van	Gorkum	K.	Prosumption	and	the	distribution	and	supply	of	electricity.	
Energy,	Sustainability	and	Society	2016,	pp.	6	–	22.	http://dx.doi.org/10.1186/s13705-016-0087-7		
[13]	Lopez-Rodriguez	I.,	Hernandez-Tejera	M.	Infrastructure	based	on	supernodes	and	software	agents	for	
the	implementation	of	energy	markets	in	demand-response	programs.	Applied	Energy	158	(2015),	pp.	1	–	
11.	http://dx.doi.org/10.1016/j.apenergy.2015.08.039		
22	
	
[14]	Ye	D.,	Zhang	M.,	Sutanto	D.	Decentralized	dispatch	of	distributed	energy	resources	 in	smart	grids	via	
multi-agent	 coalition	 formation.	 Journal	 of	 Parallel	 and	 Distributed	 Computing	 83	 (2015),	 pp.	 30	 –	 43.	
http://dx.doi.org/10.1016/j.jpdc.2015.04.004		
[15]	Kumar	Nunna	H.S.V.S.,	 Saklani	A.M.,	Sesetti	A.,	Battula	S.,	Doolla	S.,	 Srinivasan	D.	Multi-agent	based	
Demand	Response	management	system	for	combined	operation	of	smart	microgrids.	Sustainable	Energy,	
Grids	and	Networks	6	(2016),	pp.	25	–	34.	http://dx.doi.org/10.1016/j.segan.2016.01.002		
[16]	Degefa	M.Z.,	Alahäivälä	A.,	Kilkki	O.,	Humayun	M.,	Seilonen	I.,	Vyatkin	V.,	Lehtonen	M.	MAS:Based	
Modeling	of	Active	Distribution	Network:	The	Simulation	of	Emerging	Behaviors.	IEEE:	Transactions	on	
Smart	Grid	7,	no.	6,	November	2016	
[17]	Misra	S.,	Bera	S.,	Ojha	T.,	Zhou	L.	ENTICE:	Agent-based	eneryg	trading	with	incomplete	information	in	
the	smart	grid.	Journal	of	Network	and	Computer	Applications	55	(2015),	pp.	202	–	212.	
http://dx.doi.org/10.1016/j.jnca.2015.05.008		
[18]	Fichera	A.,	Frasca	M.,	Volpe	R.	Complex	networks	for	the	integration	of	distributed	energy	systems	in	
urban	areas.	Applied	Energy	193	(2017),	pp.	336	–	345.	http://dx.doi.org/10.1016/j.apen.2017.02.065		
[19]	Boccaletti	S.	et	al.,	The	structure	and	dynamics	of	multilayer	networks.	Physics	reports	544	(1),	1-122,	
2014	
[20]	Wilensky	U.	NetLogo,	http://ccl.northwestern.edu/netlogo,	Center	for	Con-	nected	Learning	and	
Computer-Based	Modeling.	Northwestern	University,	Evanston,	IL;	1999.  
[21]	Data	available	at	
http://ec.europa.eu/eurostat/tgm/table.do?tab=table&plugin=1&language=en&pcode=tsdpc310		
[22]	Data	available	at	
http://ec.europa.eu/eurostat/tgm/table.do?tab=table&init=1&plugin=1&pcode=ten00081&language=en		
	
	
	
	
	
